Abstract A novel fluorimetric method for determination of paeonol, an active component of Chinese herbal medicine, is proposed. The method is based on the reaction of paeonol with aluminum ion in pH 4.4 HAc-NaAc buffer to form a fluorescent Al(III)-paeonol complex. The maximum excitation wavelength and emission wavelength of the complex were 296 nm and 455 nm, respectively. The fluorescence quantum yield of the complex was determined to be 0.053 at an excitation wavelength of 296 nm. A linear calibration curve covered the concentration range 0.017-1.2 mg/mL. The method has been applied to the analysis of paeonol in medicinal crop Cynanchi Paniculati Radix (Xuchangqing), and the results demonstrated that this method can be used for quality evaluation of crude drug Xuchangqing.
Introduction
Paeonol (2-hydroxyl-4-methoxyacetophenone) is a major active component of Chinese herbal medicines such as Cynanchi Paniculati Radix (CPR, Xuchangqing in Chinese) 1, 2 and Moutan Cortex (Mudanpi in Chinese) 3, 4 . The Pharmacopoeia of the People's Republic of China recommends the content of paeonol as the quality index of CPR be no less than 1.3% 5 . Pharmacological evaluation revealed that paeonol possesses cardioprotective 6 and anti-diabetic 7 effects, inhibits the anaphylactic reaction 8 , and is beneficial in the treatment of cardiovascular disorders 9 and colitis 10 . Some chromatographic methods, such as liquid chromatography 11, 12 , capillary electrophoresis [13] [14] [15] and gas/liquid chromatography-mass spectrometry [16] [17] [18] , have been used for the determination of paeonol in medicinal plants and in blood plasma. Recently, quantum dots based fluorescence quenching method for the determination of paeonol in paeonol ointment was proposed 19 . The determination of paeonol by sensitized fluorescence has not been reported.
Chromatographic methods have the advantages of simultaneous separation and determination of various components with high accuracy and good precision 20 . They are the main method applied for analysis of complex medicinal and biological samples. However, in some cases such as routine analysis of Chinese herbal medicine, a sensitive, selective and simple method is preferable. Fluorimetric analysis has the advantages of high sensitivity and good selectivity compared to photometric methods and is simple, rapid and inexpensive compared to chromatographic methods. It can be suitable for analysis of Chinese herbal medicines containing a fluorescent component 21, 22 . We observed in previous experiments that paeonol had no fluorescence essentially, but produced strong fluorescence when aluminum ion was added under acidic conditions. Based on this sensitized fluorescence, a fluorimetric method is described in this study to determine peaonol in Chinese herbal medicine CPR. It is a simple and environmentally friendly method in which water is used as the solvent to extract paeonol from CPR preparations and no separation procedure is needed.
Experimental

Apparatus
Fluorescence measurements were performed on a Hitachi (Tokyo, Japan) F-4500 fluorescence spectrophotometer equipped with a xenon lamp and 1 cm quartz cell. The excitation and emission slits (band pass) 5 nm/5 nm were used throughout the work. Absorption spectra were recorded using a Shimadzu (Kyoto, Japan) UV-2501PC recording spectrophotometer with 1 cm quartz cell. An Orion (Beverly, USA) 868 pH/ISE meter was used for pH measurement. , sodium acetic acid (NaAc) and all the other reagents were of analytical grade. The water used throughout the study was doubly-deionized and verified to be free from fluorescence.
Chemicals and materials
The standard solution of 0.0330 mg/mL paeonol was prepared by dissolving 0.00330 g reagent in 100 mL water, and diluted to appropriate concentration with water as needed. The solution of 0.20 mg/mL L-tryptophane was prepared by dissolving 0.0050 g reagent in 25 mL water. The solution of 1.00 M AlCl 3 was prepared by dissolving 12.07 g AlCl 3 Á 6 H 2 O reagent in 50 mL water. HAc-NaAc pH buffers were prepared by mixing different amounts of 2.0 M HAc and 2.0 M NaAc solutions.
Sample preparation
The CPR water extraction was undertaken by soaking 0.0250 g CPR powder in about 10 mL water for 12 h at room temperature. The mixture was filtered through a paper filter and washed several times with water. The filtrate was collected in a 25 mL volumetric flask, diluted to the mark with water and mixed well. The concentration of the water extract was expressed as 1.00 mg/mL (1.00 mg CPR per mL solvent).
General procedure for spectral measurement
A series of 10 mL volumetric flasks was prepared containing 1 mL 1 M NaCl (ionic strength of the solutions set to 0.1 M), appropriate amounts of HAc-NaAc buffer (pH 4.4), paeonol solution (or CPR water extract) and AlCl 3 solution. The mixtures were diluted to the mark with water and mixed well. After setting aside for 20 min, fluorescence or absorption spectra were measured at room temperature.
Measurement of fluorescence quantum yield
L-tryptophan (quantum yield 0.14 at excitation wavelength of 280 nm) was used as a reference in measuring quantum yield of Al(III)-paeonol complex. For the measurement, a 1.8 mg/mL L-tryptophan solution and a 4.33 Â 10 À4 mg/mL paeonol solution (containing 0.05 M AlCl 3 , 0.1 M NaCl, and pH 4.41 HAcNaAc buffer) were prepared. Absorption and fluorescence spectra were measured. Quantum yield of the Al(III)-paeonol complex was calculated by the following equation 23 :
where Y u and Y r were the fluorescence quantum yield of unknown and the resference, F u and F r were the integral fluorescence intensity of unknown and reference solutions, A u and A r were the absorbance of unknown and reference solutions at their excitation wavelengths, respectively. Before measuring the quantum yield, excitation and emission spectra were corrected according to the operation manual of the F-4500 fluorescence spectrophotometer.
Results and discussion
Fluorescence and absorption spectra of paeonol and Al(III)-paeonol mixture
Fluorescence and absorption spectra of the paeonol aqueous solution and the Al(III)-paeonol mixture were measured as shown in Fig. 1 . Paeonol emitted no fluorescence essentially, whereas Al(III)-paeonol mixture gave quite strong fluorescence with maximum excitation wavelength (l ex ) 296 nm and emission wavelength (l em ) 455 nm (Fig. 1a) . The absorption spectra of the Al(III)-paeonol system did not change with the addition of AlCl 3 (Fig. 1b) . Thus, a method for determination of paeonol can be based on its sensitized fluorescence caused by the addition of aluminum ion.
Effect of AlCl 3 concentration on absorption and fluorescence spectra
The absorption and fluorescence spectra of Al(III)-paeonol system at various AlCl 3 concentrations were recorded as shown in Fig. 2 . In Fig. 2a , with the increase in AlCl 3 concentration, absorption peaks at 275 nm and 316 nm decreased while the absorption peaks at 295 nm and 350 nm increased, and three isosbestic points, at 282 nm, 311 nm, and 326 nm appeared. In Fig. 2b , the fluorescence intensity of the system increased with an increase in AlCl 3 concentration, and reached a maximum when the AlCl 3 concentration was greater than 0.05 M. Thus, the AlCl 3 concentration was maintained at 0.05 M in the following experiment.
Mechanism of the sensitized fluorescence
According to the spectral features of the above absorption and fluorescence spectra, the mechanism of the sensitized fluorescence can be explained by the formation of Al(III)-paeonol complex. A reaction model is proposed as shown in Scheme 1.
From the relationship between fluorescent yield and molecular structure, the emission wavelength of substituted benzene commonly appears at about 300 nm, as with carvacrol 24 . The emission wavelength evident in Fig. 2 was at 455 nm which is similar to 7-hydroxycoumarin 25 , indicating that paeonol has formed a fluorescent complex. In the structure of the Al(III)-paeonol complex shown in Scheme 1, the sixmembered ring including Al(III) extends the p-electron conjugation of the benzene ring and provides a more rigid planar 
Effect of acidity on the fluorescence of the Al(III)-paeonol system
A suitable pH was important for the reaction of paeonol with aluminum ion. As shown in Fig. 3 , the maximum fluorescence intensity was obtained at about pH 4.4. Therefore, the acidity was maintained at pH 4.4 in the following experiment.
Fluorescence quantum yield of the Al(III)-paeonol complex
In aqueous solution at pH 4.4, the quantum yield of the Al(III)-paeonol complex was 0.053 at an excitation wavelength of 296 nm. This is of sufficient sensitivity to detect and quantify paeonol in Chinese herbal medicines.
Influence of foreign substances
The effect of several metal ions on the fluorescence of the Al(III)-paeonol system was determined. In the range of DI F r75%, allowable metal ions (M) were: Na . Addition of some surfactants such as cetyl pyridinium bromide (CPB), Triton X-100, cetyltrimethyl ammonium bromide (CTAB) and sodium dodecyl sulfate (SDS) to the Al(III)-paeonol system resulted in precipitation, a fluorescence decrease or slight increase, but no significant fluorescence enhancement was observed. Therefore, surfactants were not employed to increase the sensitivity of the method.
Preparation of CPR water extract
Paeonol is slightly soluble in water at room temperature (Section 2.2), so water was used as a solvent to extract paeonol from a small amount (0.0250 g) of CPR powder. A suitable soak time was 12 h, as shown in Fig. 4 . Solutions containing different amounts of CPR water extract were prepared and their fluorescence intensities were measured. Using the calibration curve, the paeonol content of the CPR sample was determined to be 1.0070.06% (Table 1) .
A multiple addition method was employed to verify the result obtained above. The regression equation obtained was I F ¼ 99.1þ488.2 c (mg/mL), with the correlation coefficient R ¼0.998 (n ¼ 4). The paeonol content of the CPR sample was calculated to be 1.02%, which is coincident with the result obtained by calibration curve method (Table 1) .
Conclusions
Paeonol has essentially no fluorescence, but it can react with aluminum ion to form a Al(III)-paeonol complex in a pH 4.4 HAc-NaAc buffer with fluorescence. The maximum excitation and emission wavelengths of the fluorescent complex are 296 nm and 455 nm, respectively. The quantum yield of the 
